Calves infected with Trypanosoma congolense TREU 1 12 had generalized microvascular dilation which was most prominent in the liver and the mesentery; there also was increase in cellularity in the lung with significant alveolar thickening and accumulation of hemosiderin-bearing cells in the alveolar septa, focal accumulations of lymphocytes primarily at the corticomedullary junction of the kidneys and a well developed glomerulonephritis, likely membranoproliferative. Reticuloendothelial changes were marrow hyperplasia with an erythroid shift, moderate hemosiderosis and moderate dysthrombopoiesis, marked thymic cortical atrophy, hypersplenism and enlarged nodes with reduced cellular density, paracortical atrophy and medullary sclerosis.
Different species of trypanosomes cause disease in cattle and the syndrome resulting from infection with each has been reported [6] . This report accurately described the anemia of T. congolense infection and directed attention to damage to the blood vessels as a principal lesion of infection with this species. It also quoted others who described multiple necrotic foci in vascular and perivascular areas. Another report [9] , however, pointed out that necrosis is conspicuously absent in cattle with uncomplicated T. congolense infection. The principal lesions of T. congolense in cattle were described [2, 31 as a dilation of capillaries and veins in all organs and at all stages of the disease. These changes also were seen in mice from 1 to 6 hours after injection of T. congolense; it was felt therefore that the disease was reactive and rapid and likely caused by intoxication [2] . These microvascular changes have been noted by others [7, 111 but have not been stressed nor quantified in such a way that would provide understanding of the disease. This is surprising since it is recognized that the level of parasitemia in infection caused by T. congolense is much lower and more sporadic than that caused by T. vivax, and the number of circulating parasites in the former infection is not an accurate indication of the total intravascular organisms. In addition, Anaplasma and Theileria organisms have been found in tissues in animals with experimental trypanosomiasis and in these cases the disease must in part be caused by mixed infection. In many of the studies in Africa mixed infections should be considered the rule rather t h a n the exception and this would account for discrepancies such as t h e presence or absence of focal necrosis in pathological descriptions. T h i s paper reports quantitative histological changes i n calves that were free o f other tropical diseases and had minimal disease indigenous to North American cattle on gross and histological examination.
Materials and Methods
Twenty-four Holstein calves, 3 to 5 months old and from 80 to 140 kilograms at the time of infection, were used. Thirteen were infected with TREU I 12 strain of Trypanosomu congofense and I I were controls [ 131. After 127 days of infection all calves were given 35 to 50 milliliters chloral hydrate 12% intravenously to induce sternal recumbency and then were killed by electrocution. Necropsy was begun immediately.
From each calf, samples of brain (two), eye, pituitary, pharyngeal mucosa, thyroid, parotid, salivary gland, thymus (three), terminal esophageal mucosa, heart (three), lung (two), diaphragm, liver (two), gall bladder, rumen, omasum, abomasum, spleen (two), intestine (two). colon, kidney (two), adrenal, carpal and stifle synovial membrane, pancreas, bone marrow and lymph nodes (bronchial, mediastinal, renal, hepatic, mesenteric, deep inguinal, prescapular, prefemoral and hemal) were placed in 10% buffered neutral formalin after which the containers were placed on a shaker for I to 2 days until fixation was complete. The tissues were sectioned at 6 micrometers and stained with hematoxylin and eosin (HE). Additional stains, including Masson's trichrome, periodic acid-Schiff (PAS) and Prussian blue, were prepared on selected tissues.
The microscope oculars were fitted with a grid and micrometer which were registered with a stage micrometer so that the actual distance in micrometers was determined between each subdivision of the ocular grid and micrometer for each of the objectives.
Six calves from each of the test and control groups were selected at random for quantitative histological examinations. Six measurements were made of each structure from each tissue except for the pancreas and kidney on which 10 measurements were made of acinar and glomerular size. When the determinations were expressed as quantity per area, the ocular grid was used and when the quantity was expressed per unit length the micrometer was used. Where the actual area of structures was determined, rectangular objects such as collagenous stroma of lymph nodes were fairly accurately represented while round or oval structures such as pancreatic islets. acini and renal glomeruli were overestimated since they were calculated on a multiplication of length times width without regard to their circular structure. The mean of all measurements was calculated and significant differences determined by the I test at the 95% level of significance or higher. Illustrations of comparable structures in infected and control animals are depicted at the same magnification. Where groups are compared significant difference indicates statistical measurement.
Results

Bone marrow
Grossly there was a great increase in volume o f red bone marrow o f infected calves The fat cells o f infected calves were only half the size o f those o f controls because of atrophy. The megakaryocytes were larger in infected calves than in controls a n d while t h e differences in overall megakaryocytic diameter were not significant, those in nuclear diameter were. T h i s asynchrony o f cytoplasmic maturation with mega- karyocytic volume in the infected calves not in proportion to nuclear volume indicates dysthrombopoiesis ( fig. 2) . The counting of nuclear lobes in megakaryocytes was not precise because of the difficulty in counting overlapping areas.
There was much more hemosiderin (positive with Prussian blue stain) in the marrow of infected calves than of controls because of the hemolytic anemia as well as the increased areas of hematopoiesis. The endothelial nuclei in normal bone marrow were inconspicuous but were more numerous and easily found in infected calves. There were more plasma cells in infected calves as well as more abnormal rubricytes. Although dyserythropoiesis occurred at a very low rate in infected calves it did not occur in controls.
The increased cellularity of marrow of infected calves was apparent in the differences in number of myeloid and erythroid cells per unit area in the two groups. The mye1oid:erythroid ratio in the infected calves was about 0.4 (13.17:33.53 ) and about 2.3 (5.61:2.44) in the controls. The red blood cells per unit area of marrow were much higher in infected calves than in controls ( fig. 2 ).
Thymus
Thymic lobules were smaller in infected calves and the reduction in size was primarily because of loss of cortex (table 11; fig. 3 ). In addition to the reduction in lobular size, the cellular density in both cortex and medulla was reduced in infected calves and there was a shift to a larger lymphocyte in both areas ( fig. 4 ).
Spleen
The changes seen in sections of spleen are given in table 111. Because the two areas of spleen sampled (tip and base) were similar, only one area is presented. There were more follicles per unit area in spleen of infected calves as compared to control calves. Splenic follicles of control calves were artefactually decreased per unit area because of barbiturate induced sinusoidal congestion. The follicles were increased in size in infected calves but the parafollicular area and the T-dependent areas around the splenic arterioles were reduced ( fig. 5 ). In the spleen, as in the thymus, cells in follicles of infected calves were less dense than those of controls. In Bilroth sinus areas, there were more fixed cells in the infected calves with sinus distension and development of increased stroma and increased hemosiderin ( fig. 6 ). Hematopoiesis was detectable on imprints but inapparent histologically.
Lymph nodes
Changes from node to node were similar and those for the renal node only are given in table IV. The major change was a reduction in cortical width in infected calves, whose nodes were larger than those of the controls because of an increase in medullary area ( fig. 7 ). The follicular changes in nodes were similar to those of the spleen and consisted of a reduction in cellular density and a shift to a larger lymphocyte. There were more large reticuloendothelial cells in the follicles of infected calves and many of these were filled with tingible bodies (nuclear debris). There was reduction in cellular density in parafollicular areas and an increase in plasma cells in both the parafollicular and medullary parasinusoidal areas. The sinuses themselves occupied a greater than normal area, were dilated and contained loosely packed macrophages. Similar changes were found in the hepatic bronchial, mesenteric. and renal lymph nodes. 
Hemal nodes
The results are given in table V. These nodes had a smooth muscle rather than a fibrous tissue capsule and the follicles were surrounded by vascular spaces similar to those in spleen. The sinus width was significantly reduced in hemal nodes of infected calves and the number of follicles per unit area was virtually the same in both groups. There were more mitoses in the hemal nodes of control calves than in those of infected calves. There were more large macrophages, plasma cells and hemosiderin in infected calves, as was the case in the other lymphoid organs.
Liver
The changes in livers are given in table VI. They were similar in the two areas sampled. There was a moderate degree of cytoplasmic atrophy with increased density of hepatocytes and marked sinusoidal dilation with increased numbers of nonparenchymal cells ( fig. 8 ). In infected calves there were significant increases in number of hepatocellular nucleoli, endothelial nuclei, Kupffer cells, hemosiderin granules, neutrophils, lymphocytes, plasma cells, phagocytosed red cells and foci of hematopoiesis. Periportal lymphocytic infiltrates were always of moderate size in infected calves and their recorded sizes were exaggerated because they were ellipsoidal and not rectangular.
Kidneys
The changes seen in kidneys are given in table VII. Focal accumulations of lymphocytes were seen mainly at the corticomedullary junction ( fig. 9 ). The glomer- ular density was the same for both groups but there were differences in glomerular size. Glomeruli were greatly enlarged in infected calves with increased cellularity, reduced vascularity and hemosiderin within the tufts ( fig. 10 ). There was moderate atrophy of proximal tubules and papillary epithelium in infected calves.
Heart
The changes in myocardium of test calves are given in table VIII. There were areas of mononuclear reaction in the heart of infected calves as well as an increase in density and size of myocardial nuclei. In severely affected calves, fibre atrophy was apparent but not necrosis. The changes were consistent throughout the three areas of myocardium examined ( fig. 11 ).
Lung
The changes in lungs of infected calves are given in table IX. There was little or no acute or chronic bronchopneumonia in either group of calves. There was a definite interstitial thickening in the lungs of infected calves ( fig. 12 ). Alveolar area size did not differ between the two groups. Significant changes were more free cells in the alveoli of infected calves, an increase in thickness of lobular septa and alveolar walls, an increase in neutrophils and lymphocytes in the capillaries of the alveoli and an increase 'in hemosiderin presumably within macrophages in the alveolar capillaries ( fig. 13 ). Intraalveolar cells were increased in infected calves but not significantly so (table X) . These changes were diffuse and uniform in both the apical and diaphragmatic lobes.
Adrenal glands
Changes in adrenal glands are given in table X. They consisted of an increase in width of cortex in infected calves and an increase in pigment (likely lipofuscin) in the cells of the zona fasciculata. The increased nuclear density of the zona fasciculata of infected calves was because of moderate cytoplasmic atrophy.
Brain
The changes in brain consisted of a moderate but significant increase in inflammatory cells, largely lymphocytic, in the Virchow-Robin spaces of infected calves (0.64 f 1.28 vs O.O/ 1.65 mm2, p of 99.9). There was a uniform dilation of these spaces in infected calves. Additional changes not quantified were a marked and uniform dilation of capillaries and small veins in brains of infected calves. Many of these dilated vessels contained hemosiderin-bearing macrophages that apparently were fixed within them in a netlike fashion across the vascular lumina ( fig. 14) . Trypanosomes were consistently present and were invariably intravascular. All calves studied quantitatively were killed; calves that died spontaneously of trypanosomiasis had many more organisms in cerebral vessels.
Pituitary glands
Significant changes in the pituitary glands in infected calves were well developed follicles with a germinal centre. There were increased numbers of leukocytes, largely lymphocytes and monocytes, in the sinusoids of the pituitary glands in the infected calves and a reduction in size of pituitary cells which were increased in density per unit area. No significant differences in the proportions of the specialized cells were found.
There was marked thickening in the epithelium of the rumen villi in both the germinal (1 10.7 f 66.6 pm vs 69.8 f 25.7 pm, p of 99.0, 70 df) and squamous (19.7 f 10.8 pm vs 12.6 f 5.6 pm, p of 99.9, 70 df) layers. These changes were not accompanied by a thickening of the lamina propria or an increase in number of inflammatory cells within the epithelium or lamina propria of the villi. 
Abornasurn and intestine
Changes in the intestines of infected and control calves are given in table XI. There was a reduction in width of abomasal mucosa in infected calves, an increase in width of the submucosa and a marked reduction in number of chief cells.
There was shortening of the villi in the small intestine (measurements were made on villi cut in longitudinal section only) and an increase in width of the lamina propria of the villi in infected calves. The lamina propria contained more eosinophils and plasma cells than did controls. There was a consistent dilation of the central lacteai of the intestinal villi in infected calves ( fig. 15 ).
Pancreas
Changes in the pancreas of infected calves were fewer acinar cells per unit area because of increased size of acinar Iumina. The acinar cells were shorter in infected calves because of a reduction in an area occupied by zymogen granules. Infected calves had moderately thick pancreatic interlobular septa consisting largely of mature connective tissue.
Discussion
The generalized capillary dilation, which has been accurately described 121, is remarkable in view of the low parasitemia characteristic of chronic infection with T. congolense. These findings suggest an active vascular response possibly caused by kinin activation as in Babesiosis [ 161. The localization of organisms within the cerebral vessels represents a strong tissue tropism which deserves further study to determine the mechanism of parasite adherence to the endothelial walls. Subsequently we have found trypanosomes in capillaries in brain and skeletal muscle but not in any other tissue. The high levels of creatinine phosphokinase characteristic of brain and muscle may be a basis for this tissue tropism and related to the energy metabolism of the trypanosome. The absence of extravascular T. congolense in all tissues indicates that this species is an obligate intravascular parasite [9] and necrosis is not a feature of uncomplicated infection.
The increased marrow cellularity with erythroid shift and synchronous maturation indicates an effective response. These changes plus mild marrow hemosiderosis and chronic anemia [ 141 are characteristic of partially compensated continuing hemolysis. The increase in sinusoidal area in marrow of infected calves is likely an early stage of marrow atrophy caused by a reduction in extrasinusoidal hemopoietic precursors. The increase in density of marrow endothelial cells is likely associated with some increase in reticulin which would account for the difficulty in aspirating bone marrow from infected calves. It is likely that the marrow cannot sustain this greatly increased activity indefinitely, and decreased marrow cellularity and increased reticulin are characteristic changes in chronic infections which may terminate in hypoproIiferation. Holstein calves infected with T. congolense at Guelph had more marrow hyperplasia than did calves in Muguga, Kenya. This is likely a result of slightly better nutrition at Guelph and because African calves died of Salmonella septicemia before marrow hypertrophy developed. The greater susceptibility of calves with T. congolense infection to other disease, especially bacterial, is probably caused by the characteristic neutropenia rather than immunosuppression. The presence of lymphoid follicles with germinal centers in bone marrow of T. congolense infected calves is indicative that there is not B cell depression. In our experience, however, it is an extremely rare event that does not occur in normal animals of any species. Germinal centers in marrow are not a specific change and are seen in dogs with immune anemia and in chronic equine infectious anemia. In all cases they likely indicate chronicity and an intense B cell response.
In contrast to the lymphoid follicles in non-lymphoid organs such as kidney, adrenal, liver and pituitary, the thymic dependent areas were atrophic in all lymphoid organs and most prominently in the thymic cortex itself. The increased mitotic activity, reduced size, cellularity and larger cell type in thymic cortex suggests increased turnover of cortical thymocytes with use exceeding replacement. The paracortical atrophy in nodes and thymic dependent atrophy in spleen would thus result from prior atrophy in the thymic cortex.
Although lymphoid germinal centers were found in non-lymphoid tissues those in nodes were less frequent per unit area than in normal calves; they also were reduced in size, cellularity and mitotic index and had more large cells. These findings suggest that while total lymphoid tissue may be increased it is less functional than in normal calves and has increased proportions of connective tissue and medullary sinuses. Collectively the changes in lymphoid B and T cell areas are indicative of chronic intense antigenic stimulation with lymphoid depletion and failure of the response to eliminate the parasite.
The greater number of splenic follicles per unit area in infected calves was likely an artefact; acute anesthetic induced congestion in control calves which increased sinus volume and area in proportion to follicular area. Sinuses in infected calves had well developed sinus stroma because of chronic hyperfunction and were therefore less distended by anesthetic [12] . Infected calves had larger spleens [I31 with much greater fixed cellularity in sinuses and therefore had criteria for both splenomegaly and hypersplenism.
The hepatic changes (table VI) were remarkable in the variety of ways that control and infected calves differed. The increase in total mass of liver [12] was caused by vascular dilation and an increase in reactive cells, and because there was hepatocellular atrophy there must have been an absolute increase in numbers of hepatocytes. The dilated hepatic sinusoids were likely areas of parasitic and red cell destruction but not parasitic multiplication. Trypanosomes were not found in the liver probably because of the great increase in Kupffer cells which continually removed organisms in circulation.
Our finding of focal areas of cortical lymphocytic interstitial nephritis (table VII) IgA often with C4, may be found in glomerular deposits in membranoproliferative glomerulonephritis, it is the deposition of C3 that is most characteristic and occurs when immunoglobulins are not demonstrated [ 11. This finding of C3 alone has led to a proposal of an alternate nonimmunologic mechanism for C3 activation and glomerular localization [lo] . Human cases of membranoproliferative glomerulonephritis made anephric continue to have less circulating C3, characteristic of this disease and suggestive of a systemic extrarenal cause of C3 activation [ 101. None of our calves had proteinuria or were in renal failure and therefore the glomerular changes were early and subclinical. The immediate cause of death is unknown; however, the widespread microvascular dilation, persistent hypocomplementemia [8] and histologic similarity to membranoproliferative glomerulonephritis suggest a toxic factor causing rheological interference and circulatory failure. The dilation and mild sclerosis of afferent glomerular arterioles and prominent juxtaglomerular cells suggest that systemic hypertension occurs.
The finding of hemosiderin primarily in the glomeruli but to a lesser extent in the tubules of infected calves was unexpected and strongly suggests intravascular he-molysis. The changes in the heart were suggestive of functional hypertrophy. The focal areas of reaction in the myocardium were characteristically lymphocytic and without focal necrosis as reported [9] .
The changes in the lungs of infected calves (table X) were remarkable. The alveolar walls were thick because of capillary dilation and inflammatory cells both within the vascular space and to a lesser extent in the alveolar spaces. Typically there were no necrotic areas and in keeping with the findings of body scanning and organ counting for labelled red cells [13] , there was not only vascular pooling in the lungs but significant hemosiderosis. Since the hemosiderin bearing cells were invariably within the alveolar walls and not in alveolar lumina they are likely intravascularly similar to those in the brain (fig. 14) and the hemolysis was probably almost entirely intracellular.
Changes in the adrenal glands (table X) probably were caused by increased steroid (cortisol) production and would be expected in any chronic disease. The decline in cellular density of lymphoid organs may have been caused partly by hyperplasia of the adrenal cortex.
The apparent fixation of macrophages intravascularly in cerebral sinusoids is unprecedented in our experience, but is apparently a common finding in Africa [9] .
The changes in the enteric tract (table XI) have not been given serious attention in other studies. These calves were on a high plane of nutrition with a high protein diet. Thus any changes in the enteric tract that would tend to suggest reduced absorptive capability must be considered significant, especially if there were a poor plane of nutrition. In this regard it is significant that there was increased thickness of both the squamous and germinal layer of epithelium in the rumen and a moderate reduction in width of the mucosa in both abomasum and intestine. The reduction in chief cells in the abomasum suggests that amounts of intragastric renin and pepsin should be determined in infected animals to determine if there is any reduction. In the intestinal epithelium the shortening of villi and widening of the lamina propria were significant. The lymphatic dilation, frequently in villi of infected calves, may be indicative of absorptive malfunction caused by reduced lymph flow possibly from hyperplastic and chronic inflammatory changes in the mesenteric nodes and their associated lymphatics. Finally the reduced amount of zymogen granules in the pancreatic acinar cells shows some degree of protein malabsorption or malutilization compared to that of controls and may be an important indicator of the other changes in the intestinal tract as well as indication of general debility caused by disease.
T. congolense is an obligate intravascular parasite that enlarges its domain by disseminated microvascular dilation and a reduction in red cell mass with a concomitant increase in plasma volume (131. There was a constant toxemia that must be considered moderate compared to that of bacterial diseases [ 151. This toxin, likely a combination of trypanosome membrane, organelles and metabolic effluent, causes complement fixation [8] , red cell injury [ 141, ineffective thrombopoiesis [4], coagulation and likely kinin activation with histologic microvascular dilation. The vascular changes appeared to be reactive rather than degenerative in an attempt to reduce or prevent capillary sludging. There was a continual drain on the reticuloendothelial system for red cells, neutrophils, platelets, monocytes and antibodies. The response to these demands would vary with the resistance and nutrition of the animal and current infection [ 131. In uncomplicated cases there was at first cardiac hypertrophy [13] and likely normal or increased output with both pulmonary and systemic hypertension. As the interstitial changes, primarily of the lung ( fig. 12), liver (fig. 8 ) and glomeruli ( fig. 10 ) increased in severity, there was likely cardiac decompensation and failure. The terminal period was short and marked pulmonary congestion without much edema occurred. There was likely mild portal hypertension caused by increased hepatic stroma and Kupffer cell hyperplasia (table VI) . Infected calves always appeared ascitic [ 131 because of reduced intestinal tone with increased volume of ingesta which resulted in a fluid pattern on percussion of the lower abdomen. It would appear that death in trypanosomiasis is often caused by superinfection as a result of neutropenia [9] . In further studies on Jersey calves that died of trypanosomiasis, death was accompanied by a marked parasitemia with coma and widespread capillary sludging, most prominent in the brain. Terminally there were flaccid hearts with moderate atrophy of myocardial fibres, marked focal mononuclear reactions, interstitial edema and capillary sludging. The pathophysiology of the disease is partially apparent in the lesions but the pathophysiology of death is less clear and would be aided by a dynamic study of blood flow in the various organ systems. Size of hemosiderin granules assessed as percentage of grid square: 1 = lo%, 2 = 20% . -' Hemosiderin is expressed as percentage of grid squares containing hemosiderin granules. ' Type given first was most numerous. ' 1 = present; 0 = absent. ' Type given first was most numerous. ' Type given first was most numerous. 
